INTRODUCTION
Because of its ability to provide structural images at the atomic level, as well as diffraction and spectroscopic data from extremely small areas, transmission electron microscopy (TEM) is particularly suited to detailed investigations of changes in composition and related defect structures in "high-Tc" and other oxide
superconductors. This type of study is essential for understanding the relation between the synthesis, defect content, and macroscopic properties of superconducting materials produced under a range of conditions.
There are now numerous techniques available for thinning solid materials to electron transparency. These include strictly mechanical processes (crushing, cleaving, physical polishing, etc.), chemical and electrochemical techniques (etching, jet polishing, etc.) , as well as other, specialized approaches (for example, ion beam thinning and ultramicrotomy). Since the aim of any TEM study is to obtain images which accurately represent microstructural features, extreme care in the material thinning process is essential; the choice of an appropriate specimen preparation technique and due attention to all steps involved in applying the technique are both needed in order to avoid the introduction of artifacts which can lead to incorrect conclusions. The effects of the specimen preparation process must be carefully considered, keeping in mind potential changes in not only microstructure but also chemical composition. These should be evaluated against the initial physical form of the sample as well as the type of investigation to be carried out. For bulk superconducting oxides in pellet form, all of the methods mentioned above can be used. However, when the starting material is a powder only crushing and microtomy are applicable, while for thin films ion milling --and possibly jet polishing --are the available choices; a summary of specimen preparation approaches applicable to different material forms is given in Table 1 . Earlier 2 publications by Zandbergen et al. [1988] and Gu et al. [1993] have dealt specifically with preparation of Y-Ba-Cu-0 specimens; the present work is intended to review some of the important points presented there, and to extend the discussion to additional materials and techniques.
FABRICATION OF SUPERCONDUCTING MATERIALS
We have carried out TEM studies of superconducting oxides falling into the Y-Ba-Cu-0, Bi-Ca-Sr-Cu-0, La2Cu04, BaBi03, LaCo03, and LiNbD2 "families") Bulk [Chandrachood et al. 1990 ; see also Karpinski et al. 1988] . This material was then re-ground, compacted, and annealed for an additional 15 hours under the same conditions. X-ray diffraction of the resulting material displayed sharp peaks corresponding to the c-spacing of the 1-2-4 structure, confirming that the synthesis was suc~essful. The related compound
Y2B~Cu7D15 (2-4-7) is produced at more moderate oxygen pressures, <20 bar [Morris et al. 1989] . Preparation of YBa2Cu307 (1-2-3) [see for example Cava et al. 1987; Schneemeyer et al. 1987; Horowitz et al. 1989; Reissner et al. 1990] , as well as
Bi-Ca-Sr-Cu-0 materials [Chu et al. 1988; Subramanian et al. 1988] , was carried out in a similar manner, but at atmospheric pressure. We also prepared the 1-2-4 phase at atmospheric pressure using nitrate precursors; in t~is case, Na2C03 was added to decrease reaction times [Cava et al. 1989] . Doped LaCo03-0 and Baln03-0 perovskites were obtained by standard ceramic processing of oxide powders, and also by use of nitrate precursors [Adler et al. 1994] . LiNb02 and related materials were made by solid-state synthesis in evacuated, sealed tubes at elevated temperatures [Geselbracht et al. 1990; Rzeznik et al. 1993] . A typical liquid phase synthesis [Ham et al. 1988; Marquez et al. 1993a; Marquez 1993b] was that of (La,Ndh-x(Na,K)xCU04, which can be thought of as doped La2Cu04. In this case, La203, Nd203 and CuO are dissolved in equimolar amounts of NaOH and KOH and reacted at 350°C for approximately 20 hours in a silver crucible, until a black, crystalline precipitate forms [Stoll 1993 ].
Thin films investigated in the present study were exclusively of the Y-Ba-Cu-0 type, but the discussion and methods presented here apply equally well to other superconducting films of interest for applications (primarily Bi-Ca-Sr-Cu-0 and
Tl-Ba-Ca-Cu-0). Three different film geometries were treated; the first was nominally c-axis YBa2Cu307 on (100)-orienb~d MgO and (1l02)-oriented alumina (Al203) substrates. In this case, deposition was carried out using laser ablation at 200mTorr oxygen pressure and a substrate temperature of 750°C. A buffer layer of approximately 100A CaTi03 or SrTi03 was deposited on the alumina substrates before growth of the superconductor film was initiated, and the Y-Ba-Cu-0 layers were typically 3000A thick Tidjani et al. 1991] .
The other two thin film structures examined were a-axis and c-axis A~/Y-Ba-Cu-0 contacts fabricated using in-situ, off-axis sputtering [Sandstrom et al. 1988; Eom et al. 1990; For this process, a composite Y-Ba-Cu-0 target was positioned perpendicular to the substrate surface, and an Ag target parallel to the substrate surface. These films were deposited on (100)-LaA103 and (100) yttria-stabilized zirconia (~r02) substrates, with nominal Ag and Y-Ba-Cu-0 layer thicknesses in the range of 80Q-1000A, based on sputtering yield calculations.
The c-axis structures were grown with the substrate maintained at 735°C throughout the Y-Ba-Cu-0 and Ag deposition steps, while the a-axis orientation resulted from 4 holding the substrate at 640°C for Y-Ba-Cu-0 sputtering and then turning the heater off during Ag sputtering [Powers 1992 ]. sometimes occurring even during the short time (-1 minute) that a through-focus series of micrographs can be exposed. Occasionally, specimens are rendered completely amorphous during the time of observation. In contrast, damage rates under 200keV and 300keV electron beams are normally negligible, indicating that the energy transferred to atoms in the specimen from electrons at these lower accelerating voltages is below the knock-on (nuclear displacement) threshold for Y-Ba-Cu-0 [Merkle et al. 1983; Egerton et al. 1987] . Other superconducting oxides were observed to exhibit similar behavior, with the exception of BaBi03, which damaged rapidly under a 100kV beam and was not imaged at higher accelerating voltages.
PREPARATION OF SPECIMENS FOR TEM EXAMINATION
Crushing and Grinding
The simplest and most rapid specimen preparation method applicable to oxides consists of crushing a small amount of the starting material to a fine powder in an agate mortar. An ordinary sintered alumina mortar is unsuitable, as contamination of the specimen with alumina particles almost always occurs. Best results were obtained by carrying out the crushing with the material submersed in a liquid. It is important to choose a fluid which evaporates easily, will not leave a residue on the -specimen surface, and will not react with the superconducting oxide in any way; both ethanol and methanol were used for this purpose in the present study. The superconducting oxides tend to be quite moisture sensitive, and this dictates use of a liquid which is as free of water as possible. After crushing, the smallest particles form a suspension which is then transferred to· a holey carbon film supported by a mesh TEM grid using a small disposable syringe, clean pipette, or eye· dropper. This procedure results in a dispersion of thin flakes on the grid, as illustrated in Figure 1 .
Some control over the size of particles captured can be achieved by allowing the suspension to sit undisturbed for 30 seconds to 5 minutes (or more). As time passes, the larger, heavier particles settle to the bottom of the mortar and smaller particles can be drawn off from the top of the liquid. Preparation of these specimens is also facilitated by placing a sheet of filter paper under the grid in order to absorb some of the liquid and speed drying. Since the superconducting oxides considered here are all dark in color, the use of filter paper has the added advantage that the amount of material (number of particles) deposited on the grid can be qualitatively gauged by observing the degree of discoloration of the paper under the grid. where bonding is almost two-dimensional [Fortunati 1990 ]. An additional difficulty which can arise during microscopy is beam-induced sputtering of carbon from the support film and subsequent redeposition as a contamination layer on the surface of the superconductor particles being imaged. This leads to degradation (and eventual complete obscuring) of high-resolution images due to the amorphous "background signal", as well as possible inaccuracies in EDS or Electron Energy Loss Spectroscopy (EELS) microanalysis. However, the problem can be minimized with good microscope column vacuum and the use of a cryogenic anti-contamination device ("cold-finger") near the specimen. With the use of such a device, and with proper handling (imaging as soon as possible after specimen preparation) and storage (desiccator or under vacuum) of specimens, the crushing technique typically yields specimens with surfaces which are extremely clean all the way to the thinnest edge. This is demonstrated by the high-resolution image of Figure 2 , where the crystalline structure of the superconductor can be seen in very clear detail.
An additional challenge was presented by the layered dichalcogenide NaNb02,
shown by x-ray diffraction to be essentially isostructural with LiNb02 [Meyer and Hoppe 1976a; 1976b] . Because this material decomposes rapidly (beginning after approximately 1 minute) in the presence of oxygen and moisture it is normally stored under argon in a sealed "glove box", and ordinary bench-top handling is not possible without destroying the crystal structure. We found that specimens for TEM examination could be successfully prepared --and potential problems with introducing a solvent into the glove box vacuum system avoided -by wrapping a small vial of NaNb02 powder in kitchen-type plastic wrap, double-sealing this in "zip-lock" plastic bags, transferring it to a polypropylene glove bag back-filled with nitrogen, applying the "crush and grind" procedure described above, and then again placing the finished specimen in plastic wrap and doubled zip-lock bags. Once at the microscope, specimen mounting and transfer to the column were carried out as -rapidly as possible, and rubber tubing attached to a pressurized cylinder of N2 was used to maintain a flow of nitrogen over the specimen at all times. In Figure 3 , a diffraction pattern from a specimen made via this isolation technique can be compared with one from a specimen prepared in air and placed in the microscope within a few minutes.
Oeaving and Gluing
A related, but often superior, method of specimen preparation for superconducting oxides involves mounting small, but still "macroscopic" particles on a 3mm metal TEM grid_ with an electrically conducting adhesive, so that thin edges of the material are exposed. This procedure of course requires the starting material to be in the form of a sintered pellet or "macroscopic" crystallites (approximately 0.5mmxlmm in area, or larger). The fragments to be used are produced by either very coarsely crushing the material or by using a sharp blade to cleave flakes from the starting pellet. Specimens with greater thin area available for · TEM imaging can be produced by first grinding the material to a thickness of The steps involved in the cleaving and gluing procedure are illustrated in Figure 4 , and a finished specimen in Figure 5 . Compared to the crushing technique described above, this configuration has the advantages of larger continuous material mass and greater thermal contact with the supporting grid, resulting in improved stability of the specimen under the electron beam. Because of the absence of carbon, and complete lack of contact with any chemicals, specimens produced by cleaving will retain extremely clean, unaltered surfaces as long as they are properly handled and stored; as pointed out earlier, this is especially important for high-resolution imaging and for quantitative microanalysis. The cleaving technique will thus in most cases yield the most artifact-free specimens of any available method; however, because of the natural cleavage of a layered oxide, the thin regions of these 2 They must be small enough to fit easily on the grid, but large enough to be handled with tweezers. This generally means a size in the range of 1-2mm by 05-lmm in area.
specimens are again often found to be oriented near the [001] zone axis. It is also worth noting that cleaving, along with the crushing and grinding procedure previously described, requires no special equipment or facilities, and hence these represent very low-cost approaches to TEM specimen preparation. In cases where the cleaved particles have insufficient electron-transparent area, the specimen can sometimes be salvaged by briefly ion milling at a shallow angle (see next section),
provided that the particles have been mounted so that the thinnest edges are positioned at the center of the grid.
Ion Beam Thinning
Many TEM studies of layered superconductors seek to reveal information about c-plane stacking; thus, a sufficiently thin specimen which has the [001] direction
. perpendicular to the incident electron beam is often required. In this respect the methods described above can be somewhat limiting. Therefore, we now tum our attention to specimen preparation techniques which do not depend upon the natural cleavage of the material and hence provide access to a wider range of crystallographic orientations.
One useful method of this type is ion beam thinning [Howitt 1984; Goodhew 1985a] . This is essentially a DC sputtering process, where a beam of ions is accelerated through a potential of a few thousand volts (typically 3-6kV) and then · directed at the specimen to be thinned. Ions in this energy range penetrate only a very short distance (a few nanometers) into most materials [Robinson 1964; Trillat 1964] . Then, if enough energy is transferrep, the ion collisions cause atoms to be ejected from the surface of the specimen, resulting in a gradual thinning process.
Argon (Ar+) ions are most commonly used because the source atoms are readily available in gaseous form (so that a beam can easily be produced), have high enough atomic mass for good sputtering yield, and are chemically inert. Krypton is a heavier atom and thus provides a more efficient sputtering gas (more energy transferred per collision) [Franks 1978 ], but is r·arely used because its cost is much higher than that of argon. In the present work, argon ion beam thinning was carried out using a Gatan Dual Ion Mill Model 600. Both bulk and cross-sectional thin film specimens for TEM were prepared with the machine operating at 5.0 to 5.5 kV and a 15-18° incident angle, followed by a brief (<30 minutes), low-angle (-10°) final thinning at approximately 3.5 kV. To minimize ion beam damage, all milling was done with a cryogenic specimen stage cooled by liquid nitrogen.
Bulk Material A number of preparatory steps are required before a specimen can be ion beam thinned to achieve electron transparency. First, a high-precision saw with diamond- Specimen Prep System), leaving it ready for ion milling. This step both minimizes ion milling time and confines thinning to the center of the specimen. The final stages of the dimpling process should be done using a low thinning rate (-1J.lm/minute) and a fine-grit {1J.lm) diamond paste abrasive. Because superconducting oxides can decompose when exposed to water, it is best to use other fluids as lubricants during cutting, grinding, and polishing steps; we have obtained good results using methanol for this purpose. After dimpling, the specimen is carefully removed from the dimpling platform with acetone and then attached to a TEM grid (1x2mm oval or 1mm circular hole), again using a conducting adhesive as described in the previous section, taking care that the specimen is reasonably well centered on the grid and that no portion of the specimen protrudes beyond the outer edge of the grid. As was the case for the cleaving technique, the use of vacuum tweezers can be very useful in this step. Ion milling preparation steps are described in greater detail in the following section.
It is important to note that the microstructure of a superconducting oxide is seen to have a profound effect on ion milling success [Fortunati et al. 1989] . With porous materials, ion milling induces significant mechanical damage, even when carried out at liquid nitrogen temperature. Porosity and poorly connected grain structures, clearly visible for example in the Bi-Ca-Sr-Cu-0 pellet of Figure 6 , result in a thin edge containing numerous holes and large amorphous regions, as shown in Figure   7 . Various ion beam parameters were used on such materials, without an appreciable improvement in specimen quality. In· contrast, specimens prepared from denser pellets (in this case Y-Ba-Cu-0, Figure 8 ) which had undergone hot isostatic pressing after the initial sintering were found to have almost no damage after ion milling, as can be seen in Figure 9 where the twinning characteristic of YBa2Cu307 is clearly visible. The improvement can be attributed to a less porous, larger-grained microstructure produced by the additional processing. Even in the best cases, and with the most careful preparation to minimize milling times, an amorphous surface layer will result from ion beam damage during thinning. There is also the possibility of other types of structural changes being introduced during the ion milling process (e.g., production of stacking faults). It is therefore always advisable to prepare a cleaved or crushed specimen from the same material for comparison with the ion milled one. In spite of these difficulties, ion milling has become a very widely used technique (and sometimes the only possible choice) for -bulk and especially thin film high-Tc materials [see for example Kogure et al. 1988; Shindo et al. 1988; Hiraga et al. 1989; Eibl 1990; Kijima and Gronsky 1992] .
Thin Film Cross-Sections
The most useful images of superconductor thin films are often cross-sectional views showing the superconductor-substrate interface. Preparation of such specimens is similar to the procedure just described for bulk materials, but requires several additional steps before the final ion milling process is possible. Starting with a wafer typically 1cmx1cmx0.5mm, a high-precision saw (as described above) is used to cut 2-2.5mm strips. Next, two of these strips are glued together, film surface-tofilm surface, forming a "sandwich". It is highly advisable to also glue at least one $ .
similarly_ sized piece of "scrap" silicon to each side of the original assembly, in order to provide a backing which enhances-mechanical stability and aids in centering the specimen; ideally, the sandwich should be constructed so that its final width is 2-3mm. We have obtained our best result~ using M-Bond 610 adhesive (Measurements Group, Inc.). This adhesive requires elevated temperatures and pressures in order to cure properly; it is therefore necessary to clamp the sandwich with a small vise (for example, p/n 10.1400 from VCR Group, Inc.) and place in an oven at approximately 150-175°C for 1-2 hours. Following this, the sandwich is 13 "sliced" into thin sections approximately 0.3-0.Smm thick, each with the glue line running down the center. The geometry of the steps involved is illustrated in Figure 10 , and photographs of a dimpled, mounted specimen before and after ion milling are shown in Figure 11 .
As was the case for bulk specimens, a disk grinder is used to polish specimens to an overall thickness of 75-100J.1m, and dimpling is necessary before ion beam thinning can begin. We have found that for thin film cross sections the details of the dimpling procedure are critical to the ultimate success of the ion milling process.
_ A thickness of no more that 20J.1m must be reached in the center of the specimen, and results are greatly improved if this is done in stages. Specifically, the dimpling process begins using a 3mm wide "flattening" wheel with 6J.1m-grit diamond paste to reach a thickness of approximately SOJ.im across the full width of the specimen; a dimpling rate of SJ.im/minute is used at this stage. When this first step is completed, the material thickness at the center of the specimen should be measured with a calibrated optical microscope. Tolerance stack-up makes it difficult to accurately assess specimen thickness mechanically on the dimpling machine, and in fact an accuracy better than ±10J.1m probably cannot be achieved with such measurements, which of course causes serious difficulties when a final thickness of no more than 20J..Lm is required.
Next, the dimpler is fitted with a "standard" 1mm-wide dimpling wheel and with 1J..Lm-grit diamond paste, the specimen is thinned at a rate of 3-SJ..Lm/minute until the thickness is approximately 25J.1m at the center. At this point, the dimpling rate is reduced to 1J.1m/minute in order to lessen the chances of damaging the specimen. For any thinning below 20J.1m, the rate should be even further decreased, to O.SJ.im/minute. It is very important to visually check the condition of the specimen many times as dimpling progresses, and in particular it should be inspected about once per minute during the last 5J..Lm of thinning~ These examinations are best done using an illuminated, magnifying eyepiece placed directly on the dimpling machine, so that both the specimen and the dimpling platform remain undisturbed. Dimpling must be terminated at the first sign of damage or cracks in the specimen, since once these begin to form during dimpling, chances of successful ion milling are almost nil and further thinning will inevitably cause complete destruction of the specimen. The final specimen configurat.ion achieved using the above procedure is illustrated in Figure 12 .
When dimpling is complete, the specimen is removed from the dimpling -platform by soaking in acetone and then attached to a TEM grid, just as was described in the preceding sec~on for bulk material. For cross-sectional specimens we recommend the use of grids with a O.Sx2mm slot-type hole, with the slot carefully aligned along the interface line of the specimen. The use of a vacuum tweezer is almost essential, as the dimpled thin-film cross sections are even more fragile than bulk specimens. In addition, the ion milling process itself requires more care for cross-sections than for plan-view or bulk specimens. This is due to different sputtering rates for various materials. The best ion milling results are obtained when the ion beam is approximately perpendicular to the film-substrate interface. We have found that the yield of specimens which are evenly thinned across the interface is significantly improved if the ion mill is fitted with a sector controller which ceases or reduces the action of the beam except over a small angular range. A high-resolution TEM image from a finished, successfully ion milled cross-sectional specimen is shown in Figure 13 .
Ultramicrotomy
Ultramicrotomy [Goodhew 1985b; Malis and Steele 1990 ] is another specimen preparation technique which offers ready access to all crystallographic orientations, and has therefore also been used to prepare TEM specimens from superconducting 15.
oxides [Subramanian et al. 1988; Matsui et al. 1990; Gu et al. 1993] . The starting material is first crushed to a powder (if not already in that form) in an agate mortar, and then imbedded in a polymerizing resin contained within a gelatin capsule or plastic mold. After the resin is cured, the, resulting block is trimmed to a small cross section (-0.1mm x 0.1mm) at one end, and then sliced with a diamond knife blade to yield. thin sections. The very thin (electron transparent) sections of resin are then floated onto fine-mesh TEM grids (again, using a liquid other than water) and allowed to dry. Under ideal circumstances, the embedded superconductor particles are cut along a variety of crystallographic directions. A significant difficulty of this technique is to produce sections thin enough for TEM examination without causing the imbedded particles to disintegrate or to separate from the resin. For microtomy of oxide superconductors, LR White® "hard" grade resin (London Resin Co.) was found to give the best results, with minimal pull-out and tearing problems [see Csencsits et al. 1985; Csencsits and Gronsky 1988] . A 2-hour cure at 95°C (±2°C) was used to polymerize the resin. The microtome employed was an RMC utilizing a 55° diamond knife blade. A cutting rate of 1mm/second yielded good quality thin sections, which were captured on 400-mesh copper grids. Stability under an electron beam was improved by evaporating a thin layer of carbon (<100A) onto the surface of completed specimens.
An example of a spe<:imen produced by ultramicrotomy is shown in Figure 14 .
We were able to obtain conventional TEM images in many different crystallographic orientations from microtomed specimens, but discovered that it is not usually possible to retain oxide particles within the resin when sections are sliced thin enough (<-300A) for high-resolution imaging. Section thicknesses actually achieved are more typically in the range of 500-1000A; these exhibit a characteristic gold to silver-gray color. Microtomed specimens also show some deformation in the direction of knife travel. In spite of these drawbacks, the full range of 16 orientations provided by ultramicrotomy make it worthwhile for some materials science investigations. This technique is a particularly attractive choice in analytical studies where 'compositional information is to be obtained, since uniform section thickness is extremely important for quantitative EDS, CBED, and EELS work [Williams 1984; Goldstein and Williams 1986; Isaacson 1993] .
Jet Polishing
This is an electrochemical thinning technique which minimizes artifacts due to -mechanical handling of the specimen and also yields thin areas in all crystallographic orientations. For the oxides considered here, we have chosen to use a non-acid electrolyte which has been shown to be effective in jet polishing a wide variety of materials [Kestel 1986; 1988] . The solution, known as BK-2, is prepared by adding 5.30g (0.125 moles) LiCl, 16.56g (0.05 moles) Mg(Cl04h•6H20, and 100ml of 2-butoxyethanol (also known as butyl cellosolve, ethylene glycol monobutyl ether, or butyl glycol) to 500ml of methanol. Note that the hydrated magnesium perchlorate was chosen so that additional water uptake during weighing and handling would be minimized. Also, all of the components of the solution are hazardous; in particular, 2-butoxyethanol is a reproductive toxin and magnesium perchlorate is a strong oxidizer. Therefore, it is important to handle these chemicals with care (inside an ,pperating fume hood, and wearing appropriate hand and eye protection).
To begin the preparation process, specimens roughly 2x2mm in area and 150-250J.lm thick were cut from a sintered pellet of YBa2Cu40s with a low-speed saw using an ultra thin, diamond-coated blade. The clamping mechanism in most jet polishing machines is designed to accept 3mm circular specimens, and if desired such discs can be punched from the wafered material using an ultrasonic disc cutter (e.g., Gatan Model 601). Whether or not the ultrasonic cutter is used, the final specimen for jet polishing is ground to a thickness of approximately 100J..Lm using a disc grinder and 2400 grit or finer abrasive paper, or a polishing wheel, as described During polishing, the electrolyte was maintained at a temperature between _ -55°C and -65°C; this was achieved by pre-cooling the solution to approximately -40°C in a methanol refrigeration unit (FTS Systems Multi-Cool) and then briefly placing the vessel containing the solution in a liquid nitrogen bath. Upon termination of polishing, specimens were immediately rinsed in two successive baths of pure methanol. Under the conditions described here, thinning is quite rapid, with perforation occurring in less than 30 seconds. This makes monitoring for the optimal stopping point difficult, and many specimens were over-etched. The polishing rate and total polishing time could possibly be made more manageable by using thicker starting specimens (-150J..Lm) and somewhat less LiCl and Mg(Cl04h in the electrolyte solution.
Temperature control is also extremely important, and we have found in earlier trials that temperatures which are too high lead to contamination of the specimen in the form of small, spherical surface deposits (as illustrated in Figure 15 ), while temperatures which are too low cause the electrolyte viscosity to increase to the point where polishing is not possible. Nevertheless, we did have success with the jet polishing technique, and it offers the advantage that once the apparatus is set up and the electrolyte mixed, a number of specimens can be prepared very rapidly. A TEM image of a completed specimen with satisfactory thin area and no discernible surface deposits is shown in Figure 16 .
SELECTION OF METHOD
As mentioned in the introduction, the physical form of the material to be examined is a primary consideration in choosing a TEM specimen preparation technique. However, it is also apparent from the discussion presented in the preceding sections that several other important factors cannot be overlooked in deciding on the best approach. These include changes in microstructure, chemical alteration (e.g. surface contamination), accessibility of pertinent features and _ crystallographic orientation, cost of necessary equipment, and to a lesser extent, the level of expertise and training needed as well as time and labor involved in producing a specimen.
When absolute cleanliness and lack of alteration of the material are of paramount importance, crushing or cleaving should be first choices, as they cause minimal changes to the microstructure of brittle oxides in most cases, and produce regions thin enough for good quality high-resolution images. In addition, these techniques, along with ultramicrotomy, cause no chemical change or surface contamination when properly carried out. When very accurate, quantitative microanalysis is required, ultramicrotomy has the further advantage of a uniform section thickness, but the disadvantage that specimens usually must be coated with carbon for stability. In contrast, jet polishing can be expected to chemically alter the specimen, at least in a surface layer, and therefore is not a preferred method when compositional information is needed. No chemical changes per se generally are produced in ion milled specimens, but microstructural artifacts are a definite possibility, and in most cases an amorphous surface layer will be present (which can present a problem for high-resolution imaging).
The drawback of the crushing and cleaving approaches is that they offer limited When a number of specimens for conventional TEM imaging are needed, for example to investigate variations in microstructure throughout a sintered pellet, jet polishing is particularly attractive, since it allows rapid, consistent thinning over many ·runs and thins all crystallographic orientations equally. Microtomy and -jet-polishing are less successful than ion milling for the production of specimens for high-resolution imaging, due to the difficulty in obtaining sufficiently thin areas.
Preservation of a very specific interface (e.g., bicrystals, thin film cross-sections)
necessitates the use ofion milling, with jet polishing or ultramicrotomy a possibility in some cases. In such studies it must be kept in mind that specimens can suffer microcracking during mechanical polishing steps, and these cracks can later be filled with re-deposited, amorphous material during ion thinning, resulting in possible misleading images of the microstructure.
From the points above, it should be clear that a decision must be made as to which one or two factors is most important in a particular TEM study. This, along with the starting configuration of the material, will determine the most appropriate specimen preparation technique(s). In our own work, most investigations were carried out on powders and thin films, and many involved lattice imaging, so crushing and ion milling were the specimen preparation techniques we found to be most useful. Finally, in spite of all other considerations, cost and availability of equipment can sometimes play a role in determining which specimen technique is used. Jet polishing, ultramicrotomy, and especially ion milling equipment costs are rather high ($10K-$100K), while crushing· and cleaving involve virtually no investment (<$100). Successful application of ion milling and ultramicrotomy techniques also require a significant level of user skill, making prior training by an experienced operator a necessity.
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